We study the role of microtubule movement in bidirectional organelle transport in Drosophila S2 cells and show that The resulting picture shows that motor-dependent longitudinal microtubule oscillations contribute significantly to cargo movement along microtubules. Thus, contrary to the conventional view, organelle transport cannot be described solely in terms of cargo movement along stationary microtubule tracks, but instead includes a strong contribution from the movement of the tracks.
3/14/08 6 peroxisomes and microtubules can be established. This finally leads us to a proposed model that integrates the dynamic interplay of vesicle motion, molecular motor action, and microtubule motility.
Results

Behavior of single and multiple peroxisomes in vivo
In a previous study of GFP labeled peroxisome motion in Drosophila S2 cells, Kural et al. [12] demonstrated a velocity distribution exhibiting a significant contribution of very large velocities (>10 µm/s) over larger time intervals (several tens of milliseconds). We have reanalyzed some of these extreme velocity events. Often such fast movements were preceded or followed by rapid movements in the opposite direction (in 32 out 36 or 89% of trajectories, lasting for at least 10 s) with sub-second time intervals between direction switching events--a characteristic signature of bidirectional transport.
While non-steady relaxing velocities were characteristic of 89% of 36 motile particle trajectories , single exponential velocity decays over intervals larger than 100 ms as shown in Fig. 1a (inset, blue curve) were rare (in 9 out of 36 or 25% of trajectories, cf. supporting materials). Instead, a more complex behavior, including the superposition of multiple relaxation times and direction switching events, was predominant (Fig 1a,b) . These velocity relaxation events indicated the presence of an elastic component in the system and suggested that bent and buckled microtubules could influence peroxisome transport. This hypothesis was further strengthened by the observation of several vesicles moving in concert (Fig. 1b) with strong velocity cross-correlation on timescales larger than 30 ms (Fig. 1b inset) .
Because of the limited number of peroxisomes observed in close proximity to other peroxisomes (14 observations of peroxisomes closer than 5µm), the observation of co-moving peroxisome pairs was rare (3 observations) . This is consistent with the expectation that the large number of microtubules per process (N MT~5 -10, determined by counting the microtubules converging and entering the processes) reduces the probability of two 3/14/08 7 peroxisomes to be found on the same microtubule (p= 1/( N MT -1)~10-25% ). However those peroxisomes moving in concert stayed in the highly correlated state for longer than our observation time of 20 seconds (10000 frames).
Despite the large (>90%) velocity correlation of peroxisome pair-speeds (cf . Fig 1b inset ), their relative distance was not strictly constant, and in fact, was slowly changing in time (by 220 nm over 20 sec).
A systematic analysis of peroxisomes in thin processes of S2 cells showed two different types of moving behaviors: 1) A population of relatively immobile particles (25 of 61 or ~40 % of the total population), moving less than 100 nm during a 5 second-interval, whose trajectories did not exhibit clear alignment with the process/microtubule axis; 2) A rapidly moving population (36 of 61 or ~60%) whose trajectories were parallel to the process axis (cf. methods).
We focused on this motile population (2) ( ) MSD t t ∆ ∝ ∆ , i.e. a purely "ballistic" scaling behavior whereas if they moved in purely random selfuncorrelated fashion we would expect a "diffusive" scaling ( ) MSD t t ∆ ∝ ∆ . If on short timescales the motion was strictly directed and driven by either kinesin or dynein at any given time, but on longer timescales a random switching between them occurred, then we would expect on short times ( ) MSD t t α ∆ ∝ ∆ with an exponent 2 α = , and for longer time-lags t ∆ a cross-over to diffusive scaling behavior ( ) MSD t t β ∆ ∝ ∆ with 1 β = (cf. the supporting material). In this case the cross-over time for the switch from constant velocity to diffusive behavior would be interpreted as the typical switching time between kinesin and dynein.
Contrary to this naïve expectation we observed an unexpected distribution of mean square displacement exponents that clearly deviated from β = 1 and α = 2 (Fig 1c) . The trajectories of 36 particles from 9 different cells were analyzed and their MSD as function of the time lag was calculated. Generically the majority of trajectories (N=32) showed two clearly distinct scaling regimes (Fig 1c inset) 
The microtubule motion
To determine the contribution of microtubule movement in vesicle transport, we simultaneously visualized peroxisomes and microtubules by tagging them with EGFP and mCherry fluorescent proteins, respectively (cf.
Methods section, [7] ). As shown in More extreme microtubule rearrangements were also observed, including movement of microtubule loops within the processes, which indicate that strong longitudinal shear forces act on the microtubules, presumably due to the action of molecular motors ( Figure 2c ).
The sliding of microtubules was often related to the motion of single or multiple peroxisomes (Fig. 3 ). Fig. 3a shows a peroxisome that moves along a microtubule bundle, dynamically "clamping" two microtubules together.
Another remarkable observation was the buckling and bending of whole microtubule bundles in close proximity to peroxisomes ( Fig. 3b) . During the buckling events, the bundles were split into several sub-bundles and single microtubules that converged together at the position of the vesicle. We also observed peroxisome motions that were highly correlated with the motions of distant microtubule tips over extended time intervals longer than 10 s (4 observations) ( Notably, the rapid microtubule motions were not restricted to cell processes. In fact, microtubule fluctuations appeared to be even more pronounced in the cell body where lateral microtubule motion is less confined than in the 3/14/08 10 processes. We found unusual non-random crossover points of several microtubules that indicated dynamic crosslinking of 3 or more microtubules that persisted over several minutes (Fig. 4) . Although the curvature and shape of the participating microtubules changed dramatically over time, their crosslinking points remained stable while moving over micron distances. Longitudinal velocities of tip movement for microtubules containing cross-linking points (0.5-1 µm/s over timescales of seconds) were significantly larger than the maximal microtubule polymerization speeds measured by tracing EGFP-tagged-EB1 protein particles (~0.2 µm/s). This indicates that the microtubule cross-linking points, for which we propose the name "hubs", are not static but instead are very dynamic structures which could possibly be the source of active forces for moving microtubules and peroxisomes. Some of the triple-crossover hubs ( i.e. spots where three microtubules come together), showed changes in the number of participating microtubules where one of the microtubules was released and recaptured tens of seconds later and then remained in the hub for the rest of the recording (Fig 4 b, c) . While the microtubules in the hubs were moving longitudinally and laterally with typical motor speeds, the position of the hubs remained relatively constant throughout the recording (featuring displacements of < 1 µm over 60 seconds). This indicates that the colocalization of several microtubules in one hub is not simply the consequence of projection of microtubules onto a single image plane but rather a physical cross-linking point between several microtubules.
Although the molecular origin of cross-linking in the hubs remains unclear, the dynamic nature of cross-linking suggests involvement of motor proteins. While microtubule associations were in some cases caused by peroxisomes (Fig. 3a,b) , more frequently hubs did not colocalize with peroxisome positions (Fig. 4) . This however is not inconsistent with our hypothesis that hubs are formed by motor decorated vesicles, since peroxisomes constitute only a small fraction of all the cellular cargos.
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Discussion
Origin of dynamic microtubule features in S2 cells
The most striking observations in peroxisome motility in S2 cell processes were: 1) Sharp changes in velocities:
initially high but quickly decaying. 2) Hyper-diffusive movement of peroxisomes with a MSD scaling exponent close to 1. Although the results show that microtubule rearrangements affect vesicle motion, they do not immediately address the source of this rearrangement. However, based on anecdotal inferences, e.g. Fig. 2A , 3B, the observation that microtubule buckling and sliding often occur in close proximity to peroxisomes, suggests that the microtubule movements could originate from the presence of motors on the surface of vesicles and the motors that are bound simultaneously to several microtubules in a bundle. Indeed, the microtubule sliding velocities measured from (Fig. 5a,b) or multiple motors on a vesicle crosslink multiple microtubules simultaneously to make jointing points of microtubules , or "hubs" (Fig. 5c ). Since motors bound on the surface of vesicles generate forces between the vesicles and microtubules, vesicle motion causes various longitudinal and lateral strains in the microtubule backbone. This results in significant displacements of the microtubules. While these displacements could be limited by the microtubule attachment if any anchor exists and could also be sterically confined within the cellular processes, microtubule excursions can easily reach the range of hundreds to thousands of nm depending on the length of the microtubules involved, and the number of active motors on the bound cargoes. Sometimes, vesicles transiently couple to the same microtubules and move in pairs while microtubules are moving as observed for some peroxisomes in the S2 cells (Fig. 5d ).
Physical origin of the unusual scaling exponents
What physical picture of intracellular transport do our observations suggest?
The majority of peroxisomes, in particular those moving in concert with other peroxisomes, exhibit MSD t ∝ ∆ . Therefore a first tempting explanation for this power-law scaling of the peroxisomes' MSD is that elastohydrodynamic relaxation phenomena in the local thermally excited semiflexible polymer environment within the processes give rise to an effective time dependent viscosity. However, this seems an unlikely explanation in the S2 cells for several reasons.
First, the peroxisomes moving on the same process, often within 1-2 microns, and in some cases even passing over the same stretch of the process at different times, can exhibit both constant velocity and hyperdiffusive behavior. In some cases, single peroxisomes even switch their behavior from processive linear velocity to hyperdiffusive behavior within the same local environment. This is in sharp contrast to the expectation that spatially close peroxisomes should exhibit a similar environment and therefore similar viscoelastic drag forces. Secondly, taking the almost complete depletion of actin from the processes into account as seen from fluorescent phalloidin staining [7] and the known absence of intermediate filaments from Drosophila cells [33] the only long filament to give rise to an elastohydrodynamic response would be the microtubules themselves. However a quick calculation of the maximal thermally stored slack length for the longitudinally aligned microtubules within the processes gives Given these observations, a more parsimonious explanation is that non-thermal (motor induced) forces and quenched disorder constraining the microtubule backbones within the cell body generate large backbone undulations. 
MSD t ∝ ∆
-scaling is commonly observed in the motion of many different cargos in several other eukaryotic systems [22] - [25] . However (with the notable exception of the work of Lau et al. [24] ) it has been attributed to the local network viscoelasticity hindering the vesicle motion in a time dependent 3/14/08 15 manner, rather than to motile microtubules. Based on two-point microrheology measurements Lau et al. [24] suggested that the unusual scaling could be the consequence of a fluctuating background of spatially uncorrelated force-doublets acting throughout the microtubule network.
As suggested by our data, within the "fluctuating cytoskeleton" picture we can indeed understand the observed back and forth motion as a consequence of a peculiar form of tug of war of many motors competing with each other and with microtubule elastic forces. As opposed to the "local" tug of war of opposite polarity motors on the same vesicle, the "global" tug of war described here allows large numbers of motors distributed along the whole microtubule to exert forces at a time and compete for the direction of microtubule movement. When bent on large scales, the microtubules offer a rather large compliance to the exerted longitudinal and lateral forces, which in turn allows all the motors along their length to act at a time and generate the observed microtubule fluctuations.
Switching of motor pulling and microtubule relaxation phases can induce a back and forth motion of the microtubule backbone.
The documented microtubule motion leads directly to the question of how the cargo motion will be related to it.
On short timescales a peroxisome passively adhering to the microtubule would simply follow the microtubule motion. However, on longer timescales (10s of seconds to minutes) the coupling between them might temporarily fail and the peroxisome might unbind from the microtubule. A repetitive binding/unbinding process from the microtubule leads to an eventually diffusive behavior i.e. MSD t ∝ ∆ on long enough timescales (longer than the vesicle binding time) [21] . This long time behavior (on timescales > 10 s) is indeed observed for a large portion of motile peroxisomes in the processes (80%) (cf. Supporting figure) while a smaller portion of them, presumably strongly sticking to the microtubules, shows a confined behavior. For this mode of motility involving transient binding of cargos to moving microtubules which eventually leads to a long-range dispersion, we suggest the term 3/14/08 16 "hitchhiking". Exploiting this simple mechanism, even cargos devoid of active motors can be efficiently dispersed throughout the entire cell [21] .
In light of the presented data, a simple model of bidirectional transport on stationary microtubules does not adequately describe organelle translocation in Drosophila S2 cells. We demonstrate that besides being tracks for motors that directly haul cargos, microtubules can transmit the force of distant motors onto a cargo over large separations. This implies a mechanical non-locality of the cytoskeleton since a longitudinal pulling strain in an almost stretched microtubule is essentially instantaneously transmitted over long distances. Furthermore, microtubule motion on intermediate timescales (tens of milliseconds to several seconds) can be understood as a consequence of pulling-out the slack length of microtubules induced by random constraints and motor forces along its entire length.
Presently it is an open question to what extent microtubule movement contributes to the phenomenology of bidirectional organelle transport in other cellular systems besides the processes of drosophila S2 cells we employed.
However, it remains an attractive hypothesis that this mechanism might be a commonly employed in other eukaryotic cell types. This question as well as the precise molecular mechanisms that drive microtubule movements in the cytoplasm is the subject of our future investigations.
Materials and Methods
Drosophila cell culture and stable cell line selection. Drosophila S2 cells were maintained in Schneider medium supplemented with 5% Fetal Bovine Serum, 0.1 mg/ml Penicillin and 100 U/ml streptomycin at 25 0 C in a humidified incubator. To select a stable cell line co-expressing EGFP-SKL (peroxisomal marker), and mCherrytubulin, S2 cells were co-transfected with pAC-EGFP-SKL (a gift of Gohta Goshila, Nagoya University), pMTmCherry-α-tubulin and pCoHygro (Invitrogen) in 20:20:1 molar ratio using Cellfectin (Invitrogen). 300 µg/ml of Hygromycin was added to normal growth medium 48 hours after transfection. The expression of tagged proteins was confirmed by fluorescence microscopy after 8-hr induction with 0.1 mM copper sulphate. Cells for microscopy were 3/14/08 17 plated on Concanavalin A-coated coverslips in the medium containing 5 µM Cytochalasin D to depolymerize actin as described in [12] Imaging. Two-color imaging of peroxisomes and microtubules was performed using a 100 X 1.49NA lens and [12] .
Vesicle tracking and trajectory analysis. Vesicle tracking was performed with a custom Gaussian centroid fitting algorithm as described by Kural et al. [12] The trajectories of EGFP labeled peroxisomes inside S2 cell processes were rotated and their dominant components along the process direction were analyzed. Often (in ~40%)
peroxisome trajectories inside processes exhibited a localized motion with no clear axis of motion indicating a rigid attachment to resting microtubules or other structures. To determine the mean-square displacement exponent, we focused on the motile fraction of vesicles with large aspect ratio trajectories. The motile fraction was defined by following two criteria: a) The aspect ratio of the longest and the shortest axis of the peroxisome trajectory over a time period of 5 s was larger than 3, and b) The total absolute peroxisome displacement over 5s was larger than 100nm.
Only long trajectories (>5000 frames, 5 sec) with low non-specific white noise levels (MSD exponent over first 30 ms larger than 0.1) were included in the analysis (N=36).
Microtubule tracking and relative sliding analysis. Microtubule contours were tracked with a semiautomatic ImageJ plugin NeuronJ [9] and the arc lengths of the digitized trajectories were calculated and analyzed by a custom Frame number is indicated in white. Frame rate is 1/s. While the associated microtubules move over microns and change shape the crossing points ("hubs") remain stably associated (pair-wise crossover points remain confined to 3/14/08 24 each other to within <500 nm) suggesting a binding mechanism. In part (b) a microtubule unbinds from a hub (between frames 1 and 36) and another microtubule binds to the same location and stays associated (between 36 and 71). 
